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摘 要
近年来，肿瘤发病率持续升高，并且日益年轻化，形式十分严峻。由于传统
治疗方法具有风险大、毒副作用强等弊端，人们正在积极寻找更安全有效的治疗
手段。而肿瘤热疗，作为治疗肿瘤的一种新的有效手段，已成为继手术治疗、放
疗、化疗和免疫疗法之后的第五大疗法，如磁流体热疗（MFH）、光热治疗（PTT）
等。肿瘤热疗是泛指用加热来治疗肿瘤的一类治疗方法，主要是利用正常组织和
肿瘤细胞对温度耐受能力的差异，达到既能使肿瘤细胞凋亡、又不损伤正常组织
的治疗目的，具有无创伤、快速、便捷、效果较好、较安全等优势。在现在的研
究中，将热疗与其他手段联合，实现诊疗一体已成为研究的热点。但是，目前癌
症的早期诊断也同癌症治疗一样，仍然是一项充满难度与挑战性的一项工作。虽
然现在的肿瘤诊断方法众多，包括计算机断层扫描技术(CT)、磁共振成像技术
（MRI）、超声成像（US）、光声层析成像技术（PAI）等等，各有各的特点，甚
至是多种诊断方式的联合，形成一种多模式诊断技术来确定肿瘤的存在与否。现
如今，多模式是一种主流，而多模式的诊疗一体化研究更是成为研究热点，其中，
制备出一种诊断效果好、治疗效果优良的同时简单、便捷的诊疗试剂仍是不小的
一个挑战。
本文设计了一种非常简便的方法，在室温条件下，第一次合成出以普鲁士蓝
（PB）和铁酸锰（MnFe2O4）为基的 PB/MnFe2O4磁性普鲁士蓝复合纳米材料，实现
了集 MRI 中的 T1/T2，MFH 及 PTT 等 多功能为一体，不仅弥补了单一成像所带来
的不足，实现了精准诊疗的目标，同时又可以实现光热治疗与磁热治疗的目的，
并且光热治疗与磁热治疗可同时作用，治疗效果更加明显，达到了诊疗一体的目
的，且便捷、高效。本文主要的工作包括了如下的几个方面：
1）实验首先采用水热法制备出粒径较均一（100 nm）、分散性稳定的立方
体 PB，且表面修饰有-COOH，使粒子带有较强的负电荷。然后再通过共沉淀法
制备出因表面带有-NH2而带正电荷的 20 nm左右磁性 MnFe2O4纳米粒子。然后通
过正负电荷相互吸引的方法对 PB/MnFe2O4这种复合合纳米材料的制备进行探
索，通过不断的表征和分析，最终选择了质量浓度比为 1：2.3（PB：MnFe2O4=1：
2.3）这个比例，从而得到 PB/MnFe2O4复合纳米材料，也就是磁性普鲁士蓝复合
纳米材料（Magnetic Prussian Blue Nanoparticles，MPB NPs）。
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2）然后通过扫描电镜(SEM)、透射电镜(TEM)、紫外可见光谱(UV-Vis)、振
动样品磁强技(VSM)等表征，发现该纳米材料具有很好的水溶性、结构稳定性，
以及良好的的光热、磁热效果，温度均能达到 42℃以上，具有光热治疗方面的
应用潜力，并且通过 MRI 检测出其弛豫值 r1为 5.56 mM-1s-1，具有较强的 T1加
权造影效果，弛豫值 r2为 123.46 mM-1s-1，具有较强的 T2加权造影效果，表明此
材料是一个 T1/T2双模态造影剂，可用于 T1/T2双模态成像。我们所合成的 MPB
NPs既具有良好的 T1/T2双模态造影剂造影功能，又具有良好的热疗效果，是一
个优良的诊疗试剂。
3）我们再在动物水平上去验证材料的性能，选择 Balb/C 小鼠进行 MRI 及
热疗实验。从小鼠的磁共振成像效果可以看出，材料具有较好的 T1及 T2效果，
并且显示在 1 h 时效果较好。接着进行小鼠的热疗实验，结果发现材料+磁热、
材料+光热、材料+磁热+光热组的小鼠的肿瘤区域，在实验过程中，5 min内温
度均显著上升，均能超过 42 ℃，具有较好的热疗效果，并且在后续的治疗中发
现，肿瘤逐渐减小，直至消失，而其他组肿瘤均显著增大，对比说明材料具有优
良的热疗效果，并且材料+磁热+光热组效果更明显，升温更快，治疗效果更好，
肿瘤消失更快。根据上述结果，这种MPB NPs具有较好的生物相容性、T1/T2造
影效果以及热疗效果，显示出这种材料在诊疗领域具有极大的应用潜力。
关键词：纳米材料；复合材料；磁性普鲁士蓝；磁共振造影；热疗
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Abstract
In recent years, the tumor incidence increasing rapidly and the patient become
more and more younger. The situation is very serious. Since the traditional treatment
have some disadvantages need to be solved, such as high risk and side effects, people
are looking for a more safe and effective treatment actively. Tumor hyperthermia, as a
new and effective means for the treatment of tumor, has been the fifth largest therapy,
after the surgical treatment, radiotherapy, chemotherapy and immunotherapy. It
contains many kinds of treatment means, such as Magnetic Fluid Hyperthermia
(MFH), and Photothermal Therapy(PTT), etc. Tumor hyperthermia, which increases
the temperature of tumor area by heating, and becaues of the temperature tolerance of
the normal tissue and tumor cells, it can make tumor cell apoptosis, and not damage to
normal tissue, it’s advantage is much, such as no trauma, quickly, convenient, efficient
and safer, etc. Up to now, it has been a hot research connect with the diagnosis.
Compared to the cancer treatment, the early diagnosis of cancer, is still full of difficult
and challenge. Although there are many kinds of tumor diagnosis methods, including
the Computed tomography (CT), Magnetic Resonance Imaging (MRI) and Ultrasound
imaging (US), Photoacoustic imaging (PAI), etc, each have their own characteristic,
and if need, even can form a multimodal diagnostic system to detect whether the
tumor exists or not. Now, the multi-model is mainstream patter, especially the
research of diagnosis and treatment, but, the materials with good effect, excellent
treatment effect, simple and fast synthesis is still quite a challenge.
In this paper, we designed a very simple method to synthesis the Magnetic
Prussian Blue nanoparticles (MPB NPs) for the first time at room temperature, which
composite by Prussian blue (PB) and Manganese ferrite (MnFe2O4), implements the
MRI T1/T2, PTT and MFH in a multi-functional platform, not only makes up for the
shortage result from the single imaging, achieve the goal of accurate diagnosis, but
also achieve the purpose of PTT and MFH, especially the PTT and MFH can work
together, more effectively. It can realize diagnose and treatment, in the meantime, it is
more convenient and efficient. In this paper, the main work includes the following
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several aspects:
1) At first, we synthesized the uniform and stable particle of PB by the
hydrothermal mothed, the size is about 100 nm, and the group of -COOH is in the
particles surface, which makes the particles with negative charge. Then prepared the
MnFe2O4 magnetic nanoparticles with the surface with -NH2 positively charged by
coprecipitation method, and the particle size is about 20 nm. And then through the
method of positive and negative charges attract each other, the PB and MnFe2O4
composite together and form the MPB NPs. And through continuous characterization
and analysis, finally choose the mass concentration ratio of 1:2. 3 (PB: MnFe2O4 = 1:2.
3), the shape of particle is better in this proportion.
2) and then characterized the MPB NPs by Scanning Electron Microscope(SEM),
Transmission Electron Microscope(TEM), Ultraviolet and Visible spectrophotometer
(UV-Vis), Vibrating Sample Magnetometer(VSM), found that the nanometer material
has good water solubility, structural stability, strong Near infrared absorption capacity
and good magnetic effect, and the temperature of materials can reach more than 42 ℃
in both MFH and PTT experiment, with the perfect potential applications of
hyperthermia treatment. And through MRI detected, the relaxation values of r1 is 5.56
mM-1s-1, have stronger T1-weighted imaging effect, and the relaxation value of r2 is
123.46 mM-1s-1, with strong T2 weighted imaging effect, showed that the material is a
T1/T2 dual modal contrast agent, can be used for T1/T2 dual modal imaging. Our
synthesized MPB NPs has both good T1/T2 dual modal contrast imaging (MRI)
features, and good effect of heat treatment, is a good diagnostic reagents.
3) Then verified the performance of the material in the animal level, the Balb/C
mice was choosed and used it for MRI and hyperthermia treatment. Big change from
the effect of MRI between before injection and after could been found in mice,
espectially in the 1h, demonstrating that the material has good effect of T1 and T2. And
then in the hyperthermia treatment, the result showed that found the group of
materials＋magnetic, materials + Laser, and materials+ magnetic+ Laser had good
effect, the temperature of tumor area has exceeded 42 ℃ in the process of experiment,
especially the group of materials+ magnetic+ Laser, the temperature was significantly
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increased within 5 min, the effect of hyperthermia experiment was very well, and in
the follow-up treatment, the tumor size decrease, till to disappear (especially the
group of materials+ magnetic+ Laser), but the other group was not. Based on the
above results, the MPB NPs has good biocompatibility, T1/T2 imaging effect and
excellent heat effect, showed that the material has great potential applications in the
field of diagnosis and treatment.
Key words: Nanoparticle; Composite materials; MPB NPs; MRI; Thermal therapy
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录
VI
目 录
第一章 绪论............................................................................................... 1
1 引言..........................................................................................................1
1.1 纳米材料.................................................................................................1
1.1.1 小尺寸效应..................................................................................1
1.1.2 表面效应......................................................................................1
1.1.3 量子尺寸效应..............................................................................2
1.1.4 宏观量子隧道效应......................................................................2
1.2 纳米材料的合成.....................................................................................2
1.2.1 共沉淀法......................................................................................3
1.2.2 高温热解法..................................................................................3
1.2.3 水热法/溶剂热法.........................................................................4
1.2.4 微乳法..........................................................................................5
1.3 磁性纳米材料的应用.............................................................................5
1.3.1 高效催化剂..................................................................................6
1.3.2 生物传感器中的应用..................................................................6
1.3.3 在癌症领域的应用......................................................................7
1.4 普鲁士蓝...............................................................................................15
1.4.1普鲁士蓝在光热中的应用.........................................................16
1.4.2 普鲁士蓝在MRI中的应用...................................................... 16
1.5 本论文的研究意义和内容...................................................................18
参考文献......................................................................................................19
第二章 磁性普鲁士蓝作为一种新型的材料同时用于 T1/T2双成像以
及磁热/光热双治疗.................................................................................. 24
1 引言..........................................................................................................24
2 实验试剂和仪器......................................................................................25
2.1 实验材料.......................................................................................25
2.2 实验仪器.......................................................................................27
2.3 实验方法...............................................................................................28
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录
VII
2.3.1 PB的制备................................................................................... 28
2.3.2 MnFe2O4的制备......................................................................... 28
2.3.3 PB/MnFe2O4的制备................................................................... 29
2.4 PB/MnFe2O4的表征............................................................................. 29
2.4.1 X射线粉末衍射分析（XRD）.................................................29
2.4.2 透射电子显微镜（TEM）........................................................29
2.4.3 粒度分析仪和表面电荷（DLS）............................................ 29
2.4.4 傅里叶变换红外光谱（FT-IR）.............................................. 29
2.4.5 振动样品磁强计测试（VSM）............................................... 30
2.4.6 磁共振成像实验（MRI）........................................................ 30
2.4.7 材料的光热性能实验................................................................30
2.4.8 材料的磁热实验........................................................................31
2.4.9 材料的磁热光热叠加实验........................................................32
2.4.10 复合材料的毒性检测..............................................................32
2.4.11 细胞的光热及磁热实验.......................................................... 33
2.4.12 细胞流式实验..........................................................................33
2.4.13 肿瘤的种植..............................................................................34
2.4.14 动物成像..................................................................................34
2.4.15 动物治疗..................................................................................34
2.4.16 HE染色.....................................................................................35
3 实验结果与讨论......................................................................................36
3.1 材料的成分分析...........................................................................36
3.2 材料的 SEM及 DLS.................................................................... 36
3.3 反应条件对复合纳米粒子合成的影响.......................................38
3.4 材料的光谱分析及 VSM............................................................. 39
3.5 材料的造影性能...........................................................................40
3.6 材料的光热性能测试...................................................................41
3.7 材料的磁热性能测试...................................................................42
3.8 细胞光热实验...............................................................................43
3.9 细胞的磁热效应...........................................................................45
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录
VIII
3.10 细胞流式.....................................................................................45
3.11 光热磁热的联合治疗................................................................. 47
3.12 动物成像.....................................................................................48
3.13 动物治疗.....................................................................................49
3.14 病理分析.....................................................................................50
4 本章小结..................................................................................................50
参考文献......................................................................................................53
第三章 不同形貌普鲁士蓝的合成及其光热性能影响因素的探讨....55
1 引言........................................................................................................55
2 实验部分................................................................................................56
2.1 试剂与仪器.........................................................................................56
2.2 实验过程.............................................................................................56
2.2.1 立方体 PB的合成..................................................................... 56
2.2.2 球形 PB的合成......................................................................... 57
2.2.3 棒状 PB的合成......................................................................... 57
2.2.4 中空 PB的合成......................................................................... 57
2.2.5 核壳 PB的合成......................................................................... 57
2.2.6直角立方体 PB的合成.............................................................. 58
2.2.7 梭形 PB的合成......................................................................... 58
2.2.8 多面体 PB的合成..................................................................... 58
2.2.9 NIR 激光辐照实验..................................................................... 58
3 结果与讨论............................................................................................59
3.1 形貌分析...............................................................................................59
3.2 成分分析.............................................................................................60
3.3 紫外光谱分析.....................................................................................60
3.3 光热性能分析.....................................................................................61
3.3.1 外部条件的影响........................................................................61
3.3.2 摩尔消光系数............................................................................62
3.3.3 光热转换效率............................................................................64
3.3.4 能级之间的跃迁........................................................................65
厦
门
大
学
博
硕
士
论
文
摘
要
库
目录
IX
3.3.5 表面等离子体共振....................................................................66
4 结 论........................................................................................................67
参考文献......................................................................................................69
第四章 结论与展望................................................................................. 72
4.1 全文结论...............................................................................................72
4.2 展望.......................................................................................................73
硕士期间发表论文................................................................................... 75
致谢............................................................................................................76
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents
1
Contents
Chapte 1 Introduction............................................................................... 1
1 Introduction............................................................................................................... 1
1.1 Nanomaterials.........................................................................................1
1.1.1 Small size effect............................................................................ 1
1.1.2 Surface effect.................................................................................1
1.1.3 Quantum size effect.......................................................................2
1.1.4 Macroscopic quantum tunneling effect......................................... 2
1.2 The synthesis of nanomaterials............................................................. 2
1.2.1 Coprecipitation method................................................................. 3
1.2.2 Pyrolysis method........................................................................... 3
1.2.3 Hydrothermal / solvothermal method............................................4
1.2.4 Microemulsion method..................................................................5
1.3 Application of magnetic nanomaterials................................................5
1.3.1 High efficiency catalyst.................................................................6
1.3.2 Application of biosensor................................................................6
1.3.3 Application of in cancer................................................................ 7
1.4 Prussian blue.........................................................................................15
1.4.1 Using in PTT............................................................................... 16
1.4.2 Using in MRI...............................................................................16
1.5 The significance and content of this paper.........................................18
References................................................................................................................... 19
Chapter 2 The magnetic Prussian blue used as a new type of material
for T1/T2 double imaging and magnetic thermal / photothermal
therapy...................................................................................................... 24
1 Introduction............................................................................................................. 24
2 Experimental reagents and instruments............................................................... 25
2.1 Experimental materials........................................................................25
2.2 Experimental instruments................................................................... 26
2.3 Experimental methods......................................................................... 28
2.4 Characterization of PB/MnFe2O4....................................................... 28
2.4.1 XRD.............................................................................................29
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents
2
2.4.2 TEM.............................................................................................29
2.4.3 DLS............................................................................................. 29
2.4.4 FT-IR........................................................................................... 29
2.4.5 VSM............................................................................................ 29
2.4.6 MRI............................................................................................. 30
2.4.7 PTT of materials..........................................................................30
2.4.8 MFH of materials........................................................................ 30
2.4.9 The experiment of PTT and MFH............................................... 32
2.4.10 Toxicity detection...................................................................... 33
2.4.11 Thermal and magnetic properties of cells..................................33
2.4.12 Flow cytometry..........................................................................33
2.4.13 Tumor implantation................................................................... 34
2.4.14 Animal imaging......................................................................... 34
2.4.15 Animal therapy.......................................................................... 35
2.4.16 HE staining................................................................................36
3 Results and discussion.......................................................................... 36
3.1 Material composition analysis................................................................36
3.2 Materials SEM and DLS........................................................................ 38
3.3 The effect of reaction conditions............................................................39
3.4 Spectral analysis of materials and VSM.................................................40
3.5 The contrast performance of the material...............................................41
3.6 Thermal performance test of materials .................................................42
3.7 Magnetic properties test of materials..................................................... 43
3.8 Cell photothermal experiment................................................................45
3.9 Magnetocaloric effect of cells................................................................ 45
3.10 Flow cytometry.....................................................................................47
3.11 Combined therapy of PTT and MFH....................................................48
3.12 Animal imaging.................................................................................... 49
3.13 Animal therapy..................................................................................... 50
3.14 Pathological analysis............................................................................ 50
4 Conclusions................................................................................................50
References.................................................................................................... 53
Chapter 3 The Synthesis of Prussian Blue with Different
Morphologies and the Influence Factors of the Photo Thermal
厦
门
大
学
博
硕
士
论
文
摘
要
库
Contents
3
Properties.................................................................................................. 55
1 Introduction.......................................................................................................... 55
2 Experiment............................................................................................................56
2.1 Reagents and instruments....................................................................56
2.2 Experiment............................................................................................56
2.2.1 Synthesis of cube PB...................................................................56
2.2.2 Synthesis of spherical PB............................................................57
2.2.3 Synthesis of rod PB..................................................................... 57
2.2.4 Synthesis of hollow PB............................................................... 57
2.2.5 Synthesis of core-shell PB...........................................................57
2.2.6 Synthesis of rectangular cube PB................................................58
2.2.7 Synthesis of spindle shaped PB...................................................58
2.2.8 Synthesis of polyhedron PB........................................................ 58
2.2.9 NIR laser irradiation experiment.................................................58
3 Results and discussion..........................................................................................59
3.1 Morphology analysis.............................................................................. 59
3.2 Component analysis............................................................................... 60
3.3 UV spectrum analysis.............................................................................60
3.3 Thermal performance analysis............................................................... 61
3.3.1 External conditions......................................................................61
3.3.2 Molar extinction coefficient........................................................ 62
3.3.3 Photothermal conversion efficiency............................................64
3.3.4 Transition between levels............................................................ 65
3.3.5 Surface plasmon resonance......................................................... 66
4 Conclusions............................................................................................................... 67
Reference......................................................................................................................68
Chapter 4 Conclusion and Prospect...................................................... 72
4.1 Conclusions............................................................................................ 72
4.2 Outlook...................................................................................................73
Research achievements............................................................................75
Acknowledgements.................................................................................. 76
厦
门
大
学
博
硕
士
论
文
摘
要
库
第一章 绪论
1
第一章 绪论
1 引言
1.1 纳米材料
纳米材料是指在三维空间中至少有一维处于纳米范围(1-100 nm)的材料[1]，纳
米粒子处于原子簇和宏观物体之间的过渡区，它们既不是典型的微观系统也不是
典型的宏观系统，它的特点在于其比表面积很大[2]，表面原子是既无长程有序又
无短程有序的非晶层，而粒子内部的原子又呈现有序的排列。与传统的体块材料
相比，其在电磁学、热学、光学、化学等方面都显示出许多奇特的用途，呈现出
许多特殊的物理与化学性质，诸如小尺寸效应[3]、表面效应[4]、量子尺寸效应[5]
和宏观量子隧道效应[6]等。
1.1.1 小尺寸效应
一般来讲，随着颗粒尺寸的量变，在一定条件下会引起颗粒性质的质变。对
纳米颗粒而言，尺寸变小，同时其比表面积亦显著增加，从而磁性、内压、光吸
收、热阻、化学活性、催化性及熔点等都较普通粒子发生了很大的变化，产生一
系列新奇的性质，这称为小尺寸效应（Small Size Effect）,简单的来说就是随
着材料尺寸变小，材料的性能发生了改变。比如金属块状物体对光吸收不明显，
而金属纳米颗粒对光吸收显著增加，并产生吸收峰的等离子共振频移[7]；小尺寸
的纳米颗粒磁性与大块材料有明显的区别，并且与大尺寸固态物质相比，纳米颗
粒的熔点会显著下降，例如2 nm的金颗粒熔点为600 K，随着粒径增加熔点迅速
上升，块状金为1337 K。
1.1.2 表面效应
由于颗粒的表面积与直径的平方成正比（S=4πR2），其体积与直径的立方
成正比(V=4πR3/3)，故其比表面积（表面积/体积）与直径成反比，因此随着粒
径减小，比表面积显著增加,颗粒表面原子数增多，表面原子所占的百分数将会
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